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(Depa rtm e nt of m olec ularfu nction, division Ofbiologicalspccific tie8)
A line ardo uble 白tr anded D N A bo u ndcovalentlyto a
pr otein at both t8r mini, D N A
･pr oteirl COmple x
ge n o m e, w a sr eported independerltlyin ba cteriophage
¢29by Eir okaw a〔IB, b〕 arid S且Ia且〔2a, b〕 at the
伽 r ope a nP ha首e Meeting, Berlin, 1971. So o n after, a
si mi lar e vidence w a 畠 Obs8rV ed in aden o viru 8
D N A〔Sつ. T he prot8in w 8. C alled &stermin alpro-
tein, T P. In the both c8 朗 S, D N A-pr otein c o mplex,
that w as eXt,ra Cted a nd purified fr o m virio nsby a
c o n ve ntionalphen oltre atm e nt. ¢血ibit¢dtr&n8fecting
activity . Electr o n micro 白C Opic obser v ations o n
tran sfective D N A with tre at, m e at of pr oteolytic
en zym os sho wedthatTP linked &t
lbotht8rminiofthe
lin e ar D N A. Pr ot8Olytic e nzyrnetre atm e nt simtlLta-
ne otlSy c atlS e S adra stic decre a 鯛 O ntheinfectivity of
¢29a nd ade n o virl1 8D N A-pr ot8in c o mple xes〔1b,4〕.
The magnittlde of inf8Ctivity m e asur ed by tran 畠fec
-
tio n ass ay de c reas edto one ten tho u sa ndtl1 0r m Ore･
T he abo v e str o ngly弓ug geStedthatd･29a nd ade n o viru s
D N Am ole mles w er bo llnd to a protein 8.i both
ter miniofthe D N Am olec ule andthe covale ntly bo und
prot8in maintained an esB eTLtial biologic alactivity o n
theinfection . 1n the prese nt tim e. s u ch D N A-pr otein
com plexe s o rgeno m e 8 a r eknow n in m any ta xa :
bacteriophage畠, eukaryotic viru ses, Fea sts, and lin ear
pla8mids o n mitocho ndria of fu ngu s a nd highe r
punts[7, 19].
The disco v e ry of D N A-pr otein c om ple x ge nom e
br o ught a ne w c oncept of the initiation of D N A
replic atio n, pr oteirl-Prim ed D N Areplic atio n(Reko sh
et al〔5〕 _ Irl畠tead of a prim er R N A, a pr otein
e ncoded in o wn gerlOm eis us ed a s aprim e r molecule
for D N Areplic ation . An other w ord, the prim e)r
pr otein(P P)i8 ne wly synthesi乞ed afterinfection and
PP binds the first nuCleotide forD N Areplic atio n.
W he nP PiB COV alently botlnd to the fir st n ucle otide.
at the B a n etim e, P Pha畠 CO n V 昏rtedto T P(det&il畠 Will
be describelater). Acc ordingly, P Pa nd T Parethe
Sa m ege ne Productbute ach of ftln Ctio na a ndprobably
co nfor m ation OfstructllreSi8diff㊤re nt: for ¢Ⅹatnp18.
T Pc an n ot a ccept or bind n ucle otide any m ore.
Ho we ver, in
■
m anyreports A ndeve n e&tablish8dte xts.
o n edescribedthatT P is bo u ndto the first, n tlCe o七ide
a8 aPrim er by the re actio n of protein -pri ming D NA
replicatioTl . T P, n u cleotidyl P P, is the re a ctio n
pr odu ct o n the protein -prim lng D N Areplic atio n,
ther白fore n e v er a cc ept白 m O re nllCle otide. lnthe c as e o
Jf
ad8 n O VirtlS, theprl mQ rprOteirLislargertha nT P, and
theprim erproteiniB Processed intothe 畠m allm ole ctle
after acc epted the first nu cleotide thr ongh D N A
replicatiorl. By th88e evi denc es, the protein i8 n a m ed
& sprecu r sor of T P, PT P, which is Bqlユivalent to
prim er protein, P P, in the ca s°Of4･29and M 2･
As m entioned abo ve, T P(orP P)is e nc oded. in its
o wn gen om e, gene 3 and ge n eE, ofphge ¢29a nd
M 2, r espectively. After phage infection, the ge ne is
express ed to pr oducethe fre eprotein, P P. P Pwill
bind the fir st rLuCleotide by o wtl D NA polyme ra se
thr o ugh the protein
-
pri ming D N Areplic ation, and
Bim ulta ne otl$1y PP con ve rts into T P(PP- n u cle otide),
following elongatio n of n e wly synthesizing D NA
strand. ThtlS , T P is c ov81entry bo u nd at 5
'
end of
D N A
.
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T he role ofterminalprotein on protein priming D N A
replic atio n
The protein ･linked linear D N Aw asT10t O nly a
prodllCt Ofprotein -pri ming D NA r eplication, bllt also
a cru cial 白tru Cttl r efor tlle Su CCe8Siv e round of the
D N Areplic ation , In vitro D N Ar 8Plic8.tio n of ¢29
and M 2w a畠 S en Bitive to proteolytic en zym etr e at･
meat, a 岳withthe res ults Oftra n畠fe ctio n experir ne nta
Try p8inized ¢29 T P- D N Aexhibited e s s 8ntially
■
n o
t8 mPlate a ctivity o皿 th8 initiation of the in u か o
DNA replic ation . Ho w ever, wh色n the try p昌i mied
DN Aw a 畠fu rthe rtre ated withpiperi din8fo rc o mplete
takerl Offpeptide8 m Oeity, itste mplate･a ctivity ofthe
D NA reco v eredto ar o u nd 15pe rce ntOfthe activity of
T P-D N A in uitT･O D N Ar eplicatio n〔7〕 . T hi8 D N A,
free of T P, ap pe ared n otr n a8fe cting activit.y . Iti$
obvio usthat T P is used in n atur al pr otein -pri ming
D N Areplic ation thr otlghphage infe ctio n a nd tr a n s-
fectio n･ Thus
,
w e are c on c entrated in to an alyz ethe
functio n of T Pwhich bo undat5
'
te mi in ofthe paren-
tal DN AI Co ntrary, Sala s 8Cho ol a nd other grolユP8
in v olved in res e a rch of adeno viru B e Xte nSiv ely arl a-
1yzed
■in detai ls of T P-fre e D N Astn le ture, S u ch as
te r minalntl Cle otide seque n c e, a nd otherviru senc oded
protein 昌 Which mightb8 c onc e r n ed in in ultT･O D N A
replication. The signific antcozICltlSion obtain ed fr o m
the se e=perim e nts w a s aB thefollo wllg :theinitiatio n
of r eplic atio n oc cl r Sat either D N Atermint18by the
co v ale ntlinkage of a specific d N M Pto the O HgrollP
of position Spe cific 8erin e, thre o nine, or tyr o sine
re sidlle Of P P. T he re actio ni8 Catalyzed by･ the ow n
D N Apolyn e ra se a nd is directed by a ninter naln lC18 0-
tide at the3'end of the template. Aft8 r 昌1iding-back
to the/e nd n u cleotide, ne w D N A昌trand elongatio n
takespla c ewith
■
co upling displa ce m ent of pare ntal
D N ABtr arld〔8〕 .･ In 畠pite oftre m e ndou s reports,
a role, othe r tha nprlming a ctivity, of T Pof the
parental DNA a nd of ne wly synthesiz ed PP are not
cle ar . T here are no e videnc es that the Sliding-back
m echanis m occ urs art initiatio n of the replic ation in
th8Pre s e n ce Of T P- D N A. 1n the c a sB Of ¢29a nd M 2
a ndr e18加 d b8.Cteriophagesr ec ognition o rirlte ra Ction
betw ee n n e wly synthesized P Pa nd T Pof T P-D N A is
the m ostlikely thefirstr ea ctio nbfth8 D N Areplica-
tio n pr ocessIT Mわo a nd als oin uitr o畠y白ternS.
A c ru cialqtl関tion a r o 白e at the initiatio n:ho w c a n
the D N Apolym era se re c ognize the rightsite of initia-
tion of D N Areplic atio n at the te mplate D N A ? To
test m olecular rec ognitio n betw 朗 n pr OteinB arid
n ucle otide BequenC e 8.
at the t㊤mplate D N A, biotin
labelling teclm ique w as applied o n blotting filt8r
paper〔8〕. Biotinylated P Pr8C OgniE ed TPIDN Aa nd
DNA polym er asein species 8peCific m ann er . D NA
polym er a 8ealon e co uld n ot recognize T P･ DN A.
Heter odim er of P Parid D N Apolym er ase co uldrec og-
nize T P- D N A, but n ot try pBin-tre ated TP･ D N A. All
these evide n c e sindicated th t m olecular rec ognitio n
betw ee nP Pofthe h8ter Odim er a nd TP of T P_D N A
w as essentially reqllired at the initiatio n of D N A
replic atio n of line ar T PI DN A.
A role of RG D(arg･gly- a sp) m otif in prim er protein
A signific a nt fu nctioJI Of the R O Dsequ en ce w as
noticed original lyinJfibr o ne ctin aB prOteiLl adhesion
m ohif by Pie r shbacher〔9〕. Only the three amin o
a･cidB equ enee W a sneeded prim ary to re c ognize the
recepto rprotein, Re cognition ofc ellstl rfacepr oteins
is the mo st im portant re actio n in n ot o nly
m ulticellul且r O rga ni白m S, but･alsoin single cellsin ge
neral. We n oticedthat the RG D･s eqlle n C e eXi8tSinthe
P ps of ¢29and M 2, a nd even PT P(co mparablete r m
of P P)ofade n ovir u8〔10,11〕. As ･sho w nirlFigurel,
R G Dsequ e nc ei8 loc ated in the region of c arbo xy
ter min alof PP, a nd con s e r v ed in the s a me positio n,
25 6R 25 7G 258D ofthe P Pofboth ¢29a nd M2. T his
position is clo sed to
23芳S serin e, of w hich the O日_
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r esiduebo u ndto thefirst nu cleotidQ Of 5
〉
e nds ofthe
D NA.
tfthe RG Dsequ en ceof P P is nvolvedin thepr otein
-
pr otein rec ognitio n either betw e erlP P and T P, o r
betwe en PP and DN Apoly meras e, biologic al rea c
-
tion s, n a m ely tr a n sfectio n and in uilroinitiatio n of
DN A r eplicatio n, wo uld be affectied by synthetic
R G Dpeptide. W hen synthetic R GD peptidc w as added
to tra n 8f8CtiveT P･ D N Asof¢29a nd M2. the ability
of tra nsfe ctio n by the tr eated T P･ D NA decre ased
signific a ntly〔10, ll〕 . The s arn B W astru ㊤forthe
in uitro initiation of ¢29 a nd M 2 D N Arepli･
c atio n【12〕. Fu rther m ore, alter ed R GD seque nceOf
pp w asintroduced by site-Specific m utatio nsto
elu cidate the detailed fllnCtOin of the R G Dm otif
of P Pon the initiatio n of わ ulLIO protein-prlrn l ng
D N Areplic atio n ofphage M 2･ T he mbdifi8d P Ps with
D G D, K G D, R E D, R GE a nd R G N decr8aged in
priming activity by vario usle vels indic ating a n
es s entialrole ofR G DseqtlenCetOinitiate D N Arepli･
c ation . Allm odified P ps for m ed heterodim erswith
pot, buta significa ntredu ctio n ofthebinding ability
to TP w as e vide nt【13〕 .
Biotinylated R G Dpeptide w asbotlrLd to T P
- D N A･
where asit didn ot re a ct with P P, trypsl nized T P-
D NA, a nd D N A. T hesere s ults 8tlg geStedthat a R G D
receptor seque n c e mu st e xistin T P･ Sin ceP Pand T P
is the sa m egen epr oduct, g p3andgpE of¢29a nd of
M 2
.
re spectively, the re c eptor seque nc e should be
activein only T P. At the present tim e, the receptor
a min o acid畠equenC eis stillunc ertain ill the c aseOf
fibron ectin receptor pr otein . Nev ertheless, highly
ho m ologou s amin o a cid s eqtle n Ce , K KIP P DD and
K KGC P P D D, w erefo und in P Pa nd in β- s uburlit of
thefibrone ctin re c eptor protein, respectively(14〕･
synthetic K KIPPD Dpeptide, ho v ev e r, did notinte
r-
act with R G Dpeptide, P P, a ndTP･ Co n sideringthr e e
dim e ntio n alstr u ctu r eofthe r e c epto r sequ en c ein the
pr otein, Six amin oacids which the s a m e Sequ nce Of
M2 P P, w a s COneCted to fla nking both sides Of
K R IP P D Dpeptide, 19m er oligopeptide, thus synthe
-
sized, r8 a Cted no w with both Bynth8tic R GD peptide
a nd P P. The P Ptr eated with 19m e r synthetic peptide,
lost the priming activity of DN A replic atiorL ill
uILro〔14〕 . Pr otein･pr otein r e c ognitio n u sing R G 工)
m otif is n ot li mited to adhesio n pr oteins of c ell
Su rfa ce a nd P P-TP rec ognitio n of pr otein･pr lming
D N Areplic ation. Vario u包 Vir usinf8CtiorltOhostCells
areinhibited by synthetic RGD peptide, indicatiTlg
R G Dm otifofvirus s urfaceprotein wi ll be co nc e m 8d
in theinfectio npr oces8eB〔15, 16, 17〕.
uniqtle n8S8 0fprim erprotein, a m o ng RO Dco ntain -
ing protein8. is that R古D Seque n ce a ndit包 reCePt8 r
sequen ce, K KIP P D D, ar elo cated in calboxyltermirllJ S
r egion ofthe o ne poly peptide of 266a mino acids.
Ba2s･
which i8 n uCle otide birlding residue, loc ate8inbetw ee n
thesetw o sequ en c申S by alm osteqtl aldistan ce(Fig.1).
T hus, itis speculated that th8S8tw o Sequ en ces a re
n8 edod in n ot o nly P P:T Pr e c ognition o nthe pr otein.
priming D N Areplic&tibn, but als o are tlB ed to c on
-
str uct a biologic ally a ctiv estnl Cttl r eOf TPa nd PP t
he m s elves. Sin c e very begirming experim e nts of¢29
studiesar ourLd 1969, a ctlriou s phen o m e n o n rem ained
tobe aTIS W er dthatisho wT Ppre8erV eBits biologic al
activity, stlCh astrAn sfectiTlg ability, afte rc o ntacts
with a strong denattl mig agent, phenol, during
TP-D N Aextractio nandpu rific atiorlfro m phagepart
icles. TPco ntaines no cystein e, s oits stru ctu re m ay
be dcn attlred c o mpletely in s olutio n s c ontain i ng
phe nol, pe rchr olat, ure ao r gu anidinehydrochlori de ･
T hrotlghdialysis out ofthese agents, ho w ev e r･ den a-
tured TPm ay e asily r econfor m a71active str uctu re a
gain . ln additio n, r cc o nfor matio n of de nattlred T P
wil be influe nc ed by5
'
n lCle otide s of the D NA ･
M or eov er, R G Dand K K IPPD Ds equen c e sin T Pm ay
holdan active site to a cept P . And the sam e
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sequenc es of P Pm ay contri buteto bllildllP 8 n active
prim er stn lCtu reforD N Ar eplic atio n: n am ely
23旦s- o E
expo ses o ut on the sllrface of P Pusinglocal lyholding
stru cture by RGD a nd K EIP P D Dseqtlen Ce S. T his
loc allyholdiTlg a ndexposing
B32s･ o Estr uctur em aybe
mi mic of 3
'
10 Hof n u cleotid.e in prlme r molecule of
D N Areplic atio n.
P Ppo畠BeS 白e B a n other e s s ¢nti al f11nCtio n on ･ the
protoin ･primirlg D N Ar eplic atio n. P P a nd D N A
polym er8.8 efor med a heterodim e r c o mplex in in uiD O
afterph&ge infect･ion or c o- expr e B 8ion of the both
gen 8Sin v e ctorplasmid. T he heterodim er for m atioTI
w a s 8Pe Cies specific na m ely M 2-P P bo u nd o nly M2-
D N Apolym era s e, blltnot¢29 D N Apolym era s e, vice
v erBa, e v e nthey show ed highly ho mologou占 amin o
acid8equ erlCC(60% and 91% ho m ology of Pf
'
and
D N Apolym e r a s e, r e spe ctively) 〔18〕･. -In addition,
thelleterOdim e rfo r m atio n was; t10t affected in the
prese nce of R GI) peptide . T he heterodim er w as
required in the initiatio n of pr otein-priming DNA
replic ation, bec a useDN Apolym er a8e alo n e co11 d.n ot
r ec ogniz ethe positio n ofte mpla.t8 n ll Ceotide S equ e n c e
ofthe parental D N AStra nd. PPoft he heterodi皿er
re c ognize sT Pof the pa re ntal D N Aand thu sD N A
polyln er a Be Oftheheterodim 8rPOSitio ned o n the site
of initiatio n of I)NA r eplic atio nwith helping of PP.
A fterthe positio 1i皿g Ofthe heterodim er o nte mplate
D N Astra nd
,
P Pacceptedt he first deoxyn llC eotide,
d AMP, by the flユnCtion of D N Apolym e r 且Se .
Sim ultaneou sly, P P c o n v ert d to T P and D NA
polym e r a s e separ ated fr o m the P P and started to
c atalyz e elongatio n of newly strand Bynthe si8 With
di8place m eTlt Ofpa retltalD N Astr a Tld. Newlyfo r m ed
T P is r eady to ac ceptP P-D N Apolym er ae heterodim e r
for the next rotl nd of D N Ar eplication . It shotl d be
e mphsized that TP i8 n ot O nly a n e nd pr odu ct of
pr otei】1 Pri ming D N Areplica.-tiorl. In fact･ , m olecula r
r e c ognition betw e n T Pa nd PPof the heter odim eris
indi8pe n8able r㊤a ctio nin n a u m al in i, u o protein･
prl ming D N Areplicatio n. Acc ording to the e xperi
･
m ental res ults, TP is c o n8idered 8S O n e Of
c o nserv ativ epr oteinsthro ughge ner atio ns of D N Are
plic atio n.
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Fig, 1a) A min o a cidsequ e nc e白Ofprim e r- pr otein ofba c七criophage sM 2(up per)and申29(low e r).
b)Schem atic ln Odelof C- ter minalofprim er - protein .
… S(ar ro w): n ucle otide receptor, R G D(★): T Pr e cognitio na nd
binding seqllenC e, E R IP P D D( 辛): R G Dreceptor seque n ce,
-
- - ･-
: hom ologo u s amin o acid.
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